We present Doppler images of RS CVn-type binary II Peg based on two data sets obtained in 2004 February and November. In order to improve signal-to-noise ratio and reliability, we apply least-squares deconvolution technique to calculate average profiles from 2032 photospheric absorption lines. Both of the resulting surface images show a wide latitude distribution of starspots. Most spots are concentrated at a high-latitude belt above 60
I N T RO D U C T I O N
II Peg is a single-lined spectroscopic binary and classified as RS CVn-type by Rucinski (1977) and Vogt (1981) . As one of the most active RS CVn binaries, II Peg shows large starspot coverage (Neff, O'Neal & Saar 1995) , permanent strong Hα emission (Nations & Ramsey 1981; Frasca et al. 2008 ) and extreme X-ray flare (Osten et al. 2007) . From long-term photometry, Rodonò et al. (2000) revealed that II Peg exhibits large photometric variability and cyclic starspot activity. Much weak differential rotations were also obtained by Rodonò et al. (2000) , Siwak et al. (2010) and Roettenbacher et al. (2011) using photometric data.
Using high-resolution spectroscopic data, Berdyugina et al. (1998a) refined stellar parameters of II Peg. The result indicates that II Peg is composed of a K2IV subgiant primary and an unseen M-type dwarf secondary, with an orbital period of 6.72 d. The primary has a projected rotational velocity of v sin i = 22.6 km s and an inclination of i = 60
• . With radial velocity measurements, Berdyugina et al. (1998a) also derived a new improved orbital ephemeris, T conj = HJD 244 9582.9268 + 6.724 333E, E-mail: shenghonggu@ynao.ac.cn where the zero-point denotes the conjunction time when the primary is behind.
Because of the relatively high rotational speed, II Peg is suitable for Doppler imaging study. Doppler imaging technique can give much more details of surface starspot activity. Berdyugina et al. (1998b) derived nine surface images of II Peg, from spectroscopic data sets obtained during [1992] [1993] [1994] [1995] [1996] . In these images, the surface structure is usually dominated by two active longitudes separated by about 180
• , and the spots are mainly located at 45
• -75
• latitude region. The active longitudes always show migration with a speed of 0.
• 117 d −1 . Switch between the strength of two active longitudes, called flip-flop phenomenon, was also found by them. Combined with six new images, Berdyugina et al. (1999) derived a period of 4.65 yr for flip-flop activity.
Recent Doppler imaging studies, however, do not support part of above results and show more complicated starspot activity on II Peg. The images obtained by and Lindborg et al. (2011) both show a dramatic change of main spot longitude, similar to flipflop phenomenon, happened around the year 2001. The epoch is inconsistent with the prediction based on the flip-flop period derived by Berdyugina et al. (1999) , which should be the year 2003. Further, Hackman et al. (2012) derived surface images from 2004 to 2010 and found no flip-flop phenomenon. In addition, the active longitude migration disappears in this duration. The distribution of starspots becomes more chaotic since 2004. Hackman et al. (2012) supposed the reason of these changes is that II Peg gets in a low-activity level. By means of Zeeman-Doppler imaging, Kochukhov et al. (2013) In summary, II Peg seems to get in a new state with very different starspot activity after the year 2003. In order to study the starspot activity of II Peg, especially short-term evolution, we have applied Doppler imaging technique to the spectroscopic data sets obtained in 2004 February and November. We shall describe the observation and data reduction in Section 2. The results will be given and discussed in Sections 3 and 4, respectively. In Section 5, we shall summarize this work.
O B S E RVAT I O N A N D DATA R E D U C T I O N
New observations of II Peg were performed on 2004 February 04-09 and November 21-29, using the Coudé echelle spectrograph (Zhao & Li 2001 ) mounted on the 2.16 m telescope at Xinglong station of National Astronomical Observatories, China. A 1024 × 1024 pixel TEK CCD detector was employed to record data. The spectral region was about 5500-9000 Å, and the resolution was R = 37 000. The detailed observing log, including heliocentric Julian date of observation and exposure time, is listed in Table 1 . Our exposure times correspond to 0.3-0.6 per cent of the orbital period of II Peg and are all short enough. The different exposure times do not affect our final image reconstructions.
Because the two-temperature model is employed in our image reconstruction, the spectra of two slowly rotating template stars, HR 222 (K2V) and HR 1703 (M0V), were also obtained to mimic local intensity profiles of photosphere and starspot of II Peg, respectively. had shown that HR 222 of K2V type is a better template star than HR 495 of K2IV type for II Peg. Our template stars were observed by using the same instrument setup as II Peg. The spectroscopic data were reduced with IRAF package in a standard way. The reduction procedure included image trimming, bias subtraction, flat-field dividing, scatter light subtraction, cosmic ray removal, wavelength calibration and continuum fitting. The wavelength calibration was carried out using comparison spectra of ThAr lamp for each night. However, due to the failure of ThAr lamp in the observing run of 2004 February, only one ThAr spectrum was obtained in the first night. We calibrated wavelength for all spectra of 2004 February with this unique ThAr spectrum, then corrected wavelength calibration error induced by instrumental shift in each night using telluric lines existed in the observed spectra. The detailed method and result will be described further in Section 2.1.
Least-squares deconvolution
Starspot signal is weak in the line profile. To improve signal-tonoise ratio (SNR) of the spectral line and obtain more accurate information of starspots, we used least-squares deconvolution (LSD) technique, which was developed by Donati et al. (1997) , to calculate the average line profile from thousands of photospheric absorption lines, and improve SNR efficiently. The maximum SNR gain is the square root of the total number of used lines, but cannot be achieved in most cases (Donati et al. 1997 ).
For our data sets, velocity increment per pixel was set to 4.1 km s −1 , depending on the spectral resolution power. During the LSD calculation, the line list, including wavelength and depth, was obtained from Vienna Atomic Line Database (VALD; Kupka et al. 1999) . The physical parameters of II Peg derived by Berdyugina et al. (1998a) were used to create the line list (see Table 2 ). Due to the 250 K interval of effective temperatures in VALD data base, we chose the effective temperature to be 4500 K, because the LSD calculation is not sensitive to the small variation of temperature (Barnes & Collier Cameron 2001) . Lines in the regions around strong chromospheric emission lines (e.g. He I D 3 , Na I Doublet, Hα, Ca II IRT) and telluric lines (e.g. H 2 O, O 2 ) were removed from the list. The total number of used lines was 2032. As examples, we show the input spectra and the corresponding LSD profiles of 2004 February 6 and November 22 in Fig. 1 . The input peak SNR as well as output SNR of each spectrum are also given in Table 1 . The weighted centre of the deconvolved profile was at 6563 Å.
Besides, the spectra of the template stars (HR 222 and HR 1703) were also deconvolved with the same line list to produce local intensity profiles. In order to make lookup tables, we used a linear interpolation of limb-darkening coefficients given by Claret & Bloemen (2011) for UBVRI photometric bandpasses to obtain the limb-darkening coefficients at above centroidal wavelength. The results were 0.727 and 0.777 for photosphere and starspot, respectively. Then, we used 30 limb angles to make lookup tables for the photosphere and starspot of II Peg.
In spectroscopic observations, the internal instrumental shift will result in radial velocity error. As a result, the spurious spots will be reconstructed during Doppler imaging, or the imaging code even cannot converge (Collier Cameron 1999) . In our case, radial Table 2 . Physical parameters of II Peg. velocity correction was performed with telluric lines using the method developed by Collier Cameron (1999) . The telluric lines have negligible velocity and can be used as reference. Comparing with radial velocity standard stars, Donati et al. (2003) demonstrated that the precision of this method can be better than 0.1 km s −1 . At first, we performed LSD calculation with telluric line list for each spectrum, and used the first frame of each observing run as the master reference frame. Then, other frames were cross-correlated with the master one to derive the relative shifts. At last, the obtained shifts were removed from the deconvolved profiles. Because only one ThAr comparison spectrum was obtained in the first night of 2004 February run, and the observation of II Peg was made in the following six nights, we could expect that the same bias of radial velocity zero-point was introduced to all profiles of 2004 February. To determine the difference of zero-points between two observing runs, we performed cross-correlation calculation between two reference telluric frames, and got the relative shift of 5.33 km s −1 , which means a systematic wavelength shift of 0.117 Å at 6563 Å between two data sets.
D O P P L E R I M AG I N G

System parameters
Doppler imaging is very sensitive to stellar parameters, and inaccurate parameters will make artefacts in reconstructed images (Collier Cameron & Unruh 1994) . χ 2 minimization method can be used to fine-tune system parameters, such as radial velocity of mass centre (γ ), v sin i and orbital ephemeris. This method is more suitable for the high SNR data and can eliminate the influence of starspot distortion in profile (Barnes et al. 2005) . The detailed process was that we used Doppler imaging code DOTS (Doppler Tomography of Star; Collier Cameron 1992), for each parameter, to perform a fixed number of iterations to get a solution, and searched the best-fitting one. χ 2 minimization method can even be used to determine the parameters of double-lined contact binary, where stellar parameters are not independent (Barnes et al. 2004; Ş enavcı et al. 2011) . For the single-lined binary like II Peg, the situation is much simpler.
In practice, the initial values of parameters for II Peg were the ones derived by Berdyugina et al. (1998a) . However, we found that the reduced χ 2 was too large when their orbital ephemeris zeropoint (T 0 ) was used. Based on the fact that the variation of periods of close binaries is very small, we performed a grid search for T 0 with fixed radial velocity amplitude of primary (K 1 ) and orbital period (P). As shown in Fig. 2 , we found significant difference to the original T 0 for both two data sets, and the results correspond to phase offsets of −0.00845 and −0.01291, which will be discussed further in Section 4.3. We also searched for radial velocity of mass centre and rotational velocity v sin i, and the results are also shown in Fig. 2 . The best-fitting system parameters are listed in Table 3 . The errors of parameters were estimated according to how much variation makes χ 2 = 1. Note that the rotational velocity v sin i was determined from the data set obtained in 2004 November, because of the better quality. The resulting value corresponds to v sin i = 22.0 ± 0.9 km s −1 . Besides, because of the different radial velocity zero-points, as mentioned in Section 2.1, γ was determined individually for two data sets. The difference between two values is consistent with the relative shift obtained in Section 2.1 within errors. This result indicates that the wavelength calibration correction was reliable.
Results
We used Doppler imaging code DOTS to perform maximum entropy image reconstruction. During the calculation, we used TEST statistic value of DOTS to estimate the number of iterations for convergence. When TEST value changes to increase steeply, the code begins to fit noise (Ş enavcı et al. 2011) . The final adopted number of iterations was 25 for our cases. Maximum entropy solutions as well as LSD profiles are plotted in Fig. 3 , where we also display the contour representations of LSD profiles in the left-hand panels, and the orbital phase of each observation was calculated with the refined T 0 . Resulting images of 2004 February and November are shown in Figs 4 and 5. Note that in our maps, longitude 0
• is equal to the orbital phase 1 and longitude 360
• is equal to the orbital phase 0. In order to demonstrate the reliability of the image of 2004 February, we also made a test with the data set of 2004 November. The wavelength calibration for the data set was carried out with only one ThAr spectrum obtained on 2004 November 21, then we corrected radial velocity shift of each frame by telluric lines, as the same manner for 2004 February. The relative result is also plotted in Fig. 4 for comparison. We can see that there is no significant difference comparing with the image obtained above, especially for strong spots. Moreover, there is no new spurious feature in the test image, compared with the original one. This indicates that the image of 2004 February is reasonably reliable. The most obvious effect was the increasing of final reduced χ 2 , which might mean relatively lower precision of wavelength calibration.
In the surface image of 2004 February, there is a weak highlatitude or polar spot with two connected starspot structures. One appendage is the feature of two connected spots with high strength at intermediate to low latitude, and the other appendage is weaker extended spots at low latitude (∼20
• ). Meanwhile, there are also isolated spots at very low latitude. One is the significant equatorial spot at longitude 210
• and the other one is a low-latitude spot at longitude 140
• . From the image of 2004 November, we can see an extended structure formed with two connected strong spots at high latitude (above 60
• and reached the pole). The longitude range of the pattern is between about 60
• and 230
• . The high-latitude spots also have weak connected spot appendages extending to lower latitude. Besides, four individual low-latitude spots are located at longitude 140
• , 170
• , 300
• and 350
• . Their strength is much weaker than the high-latitude ones.
One should note that the spot near equator can be elongated vertically due to smearing of northern and southern features by Doppler imaging, especially for high-inclination stars (Collier Cameron & Unruh 1994). The effect can also make weak spurious features at very low latitude. So the discussion on the detailed shape and latitude of spots in equatorial belt should be taken carefully.
D I S C U S S I O N
Latitude distribution of starspots
Rapid-rotating stars can exhibit high-latitude starspots, different from the Sun. In order to show the latitude distribution of starspots on II Peg, we plot the mean spot filling factor as a function of latitude in Fig. 6 . As shown in the figure, most starspots of II Peg are concentrated at two active latitude belts in our new maps. One is higher than 60
• and near the north pole and another is near equator. In addition, some spots are also located at intermediate latitude. The latitude distribution of starspots is very wide. Especially, in 2004 February, the equatorial spot is very strong. This feature seems to come from the significant distortion in the profile at phase 0.4124 and the deformed shapes of profiles around this phase. So this spot is real, although the detailed shape and actual centre latitude is difficult to determine, as described in Section 3.2. In the temperature maps obtained by Lindborg et al. (2011 ), Hackman et al. (2012 and Kochukhov et al. (2013) , there were also some spot features at much lower latitude and higher latitude. In contrast, images derived by Berdyugina et al. (1998b) (Strassmeier 2009 ). Schüssler et al. (1996) and Holzwarth (2004) have shown that starspots in high latitude can be explained by the influence of Coriolis force on magnetic flux tube in rapid-rotating young and evolved stars. The results of their simulations, however, can only support intermediate-to high-latitude spots, depending on the rotational speed and depth of convection zone. Obviously, such a result is inconsistent with the starspot distribution on II Peg, and cannot explain too high-or too low-latitude starspots. Simulations made by Mackay et al. (2004) revealed that high-latitude features can also be produced by the effect of large meridional flows. Holzwarth, Mackay & Jardine (2006) show that the combined effect of Coriolis force and meridional circulation can influence the emergence of flux tube sufficiently and can produce polar features. In addition, low-latitude starspots may be formed by an equatorward drift of flux tubes before or after they emerged on the surface (Holzwarth 2004) . The meridional flow rate of II Peg estimated by Weber (2007) is larger than 400 m s −1 and seems large enough. However, the detailed information about meridional circulation of II Peg is not clear so far. We may expect an important role of meridional circulation in latitude distribution for stars like II Peg.
Starspots evolution and migration
Our two new surface images are separated by nine months. Strength of starspots changed dramatically. As shown in Fig. 6 , strong mean spot filling factor at low latitude decreased obviously, whereas the strength and range of high-latitude activity increased. On comparing the two images, we can see that the strong equatorial spot on 2004 February seems to disappear in 2004 November and new spots appeared at low-latitude belt. Meanwhile, high-latitude spots still existed but the shape and strength changed significantly. However, in previous surface images, there was a stable starspot pattern for years Lindborg et al. 2011 ). These may indicate that starspots have a shorter evolution time-scale in 2004 than before. The result is consistent with Hackman et al.'s (2011) result that spot evolution time-scale is months rather than years after the year 2004. In addition, low-latitude spots seem to have a much shorter lifetime, which is consistent with numerical simulation made by Işık, Schüssler & Solanki (2007) . Kochukhov et al. (2013) also have compared two images in 2006 separated by three months to derive short-term evolution. As a result, temperature maps change little, and both have high-latitude extended spots and low-latitude spots, but magnetic field changes much. Considering this, we may infer that the lifetime of low-latitude spots is longer than three months but shorter than nine months.
Starspots on II Peg always emerged in two active longitudes separated by about 180
• before 2004 (Berdyugina et al. 1998b; . The active longitudes show migration and flip-flop phenomena. Holzwarth & Schüssler (2003) have shown that tidal force can affect the emergence of flux tube on close binaries, and produces preferred longitudes. In our images, however, there is no obvious preferred active longitude. The longitude distribution of starspots was random, and the spot patterns were not stable for nine months in the year 2004. The result is consistent with the ones of Hackman et al. (2012) and Kochukhov et al. (2013) . We also infer that the vanishing of systemic migration and flip-flop behaviour was due to the rapid evolution of starspots.
From our surface maps, we derived starspot coverage of 0.0683 and 0.0414 in 2004 February and November, respectively. In order to show how spot coverage changes with time, we plot both the data from Hackman et al. (2012) and our results in Fig. 7 . We can see that the spot coverage in February is slightly larger than the one in November, and both of them are significantly smaller than the ones before 2003. This indicates that spot coverage of II Peg had already decreased after 2004. This result supports that II Peg is in a low magnetic activity level, and we may infer that the spot activity of II Peg became weaker between 2003 and 2004. Starspot coverage on active stars can be also derived by measuring TiO band depths. II Peg had been studied with TiO band technique in the literatures, and spot filling factors between 26 and 64 per cent were derived in different seasons (Neff et al. 1995; O'Neal, Saar & Neff 1996; O'Neal, Neff & Saar 1998) . We also investigated TiO bands to obtain spot coverage of II Peg, using the method developed by O'Neal et al. (1998) . However, because 8860 Å TiO band was too close to the edge of the order during our observations, we can only use 7055 Å band. After telluric features were removed using Btype star, we used STARMOD code (Barden 1985) to fit the II Peg spectra with photosphere and starspot standard stars, and obtained the best-fitting relative weights, which can be transferred to spot filling factors with equation 2 in O' Neal et al. (1998) . R λ , the ratio of continuum fluxes of starspot and photosphere, was obtained from the new grids of ATLAS9 fluxes (Castelli & Kurucz 2004) . For the data set of November, we only select the higher SNR one if there are two spectra in the same night. Fig. 8 shows sample spectra of 7055 Å TiO band for February and November as well as the synthetic spectra. The spot filling factors were 0.56-0.62 in February and 0.36-0.50 in November. The spot coverage in February was larger than that in November. The changed trend of spot coverage is consistent with that obtained from Doppler imaging. However, the values are much larger than the ones derived by Doppler imaging, which was also found by Berdyugina et al. (1998b) .
Our new images are quite compatible with two images obtained by both Hackman et al. (2012) and Kochukhov et al. (2013) , which were based on the same data sets observed at epoches 2004 JulyAugust and 2004 December to 2005 January. These four images compose an evolution sequence, from which some clues can be found for the starspot evolution in 2004. The intermediate-latitude spot around longitude 60
• in 2004 February seems to be responsible for the formation of the strong high-latitude spot at longitude 60
• -120
• in November. We can find that a similar spot still exists at intermediate latitude and similar longitude in the images of 2004.6 derived by Hackman et al. (2012) and Kochukhov et al. (2013) . So we suppose that this intermediate spot migrated poleward to high latitude and merged with the one there to become much stronger spot between 2004 February and November. In previous work, also found the possibility that low-latitude small spot migrated to higher location with the increase of strength. We can also suppose that poleward migration and mergence could induce the redistribution of starspot strength.
From consecutive observations, Vogt et al. (1999) and Strassmeier & Bartus (2000) found poleward propagation of starspot on the K-type subgiant component of RS CVn binary HR 1099. In their maps, low-latitude and intermediate-latitude starspots can slowly migrate to higher latitude and even merge with polar spot. Combined longitude and latitude migrations, the spot path shows clockwise spiral. Moss, Sokoloff & Lanza (2011) revealed that stars can exhibit various kinds of dynamo wave propagation (poleward, equatorward or both of them) within different physical quantities. The starspot behaviour we found is similar to theirs, but the path of starspot would be anticlockwise spiral. However, we should note that this can also be caused by starspot evolution of II Peg. The situation could be produced if the intermediate-latitude spot faded and new high-latitude spot emerged in the interval of nine months. The confirmation of such a behaviour requires more consecutive observations.
Period change
As mentioned in Section 3.1, using χ 2 minimization method, we found an obviously different T 0 from the one derived by Berdyugina et al. (1998a) . We show how the orbital phase of the first conjunction (φ 0 ) changes with time in Fig. 9 , based on the original ephemeris. It significantly deviates from zero, and seems to have a decreasing tendency. High SNR data are more sensitive to chosen system parameters, and Doppler imaging code cannot converge with much wrong parameters. The LSD profiles and the initial fit (unspotted profiles without iteration) using original T 0 for the data set of 2004 November are displayed in Fig. 10 . As we can see, the misfit is significant and is more likely caused by a systemic phase offset, rather than the starspot distortion. So, it seems that the deviation was reliable within our data precision. We suppose that T 0 variation was induced by the accumulation of small orbital period changes, like many other active binaries.
Several active close binaries, including RS CVn, W UMa and Algol types, etc., have been found to show orbital period fluctuations (Lanza & Rodonò 1999) . Most of them were detected by eclipse timing, because of the high precision. The period change can be induced by the third body in the system. However, the third component is not detected in most cases. Meanwhile, stellar magnetic activity could also induce orbital period changes with an order of P/P ≈ 10 −5 for active close binary systems (Applegate 1992; Lanza 2005) . As a similar RS CVn instance, Donati (1999) first detected the fluctuation of orbital period of HR 1099 by using high-SNR LSD profiles. Furthermore, from long-term observations, Muneer et al. (2010) derived periods of period change and magnetic activity of HR 1099, and found that there is a correlation between orbital period modulation and starspot activity. II Peg is a very active close binary, and we suppose the orbital period change detected here was also induced by the similar mechanism. The amplitude of phase offset, however, is much smaller than others, perhaps because of the relatively longer orbital period, similar to the situation of UX Ari discussed by Muneer et al. (2010) . For II Peg, long-term precise spectroscopic observations are required for further investigation on its period change. The study on period modulation may be helpful to understand the magnetic activity level of II Peg and even the interaction between the primary and unseen secondary.
C O N C L U S I O N
We have presented two Doppler images of II Peg from data sets obtained in 2004 February and November. Based on our new surface images and relative analysis, we summarize our results as follows.
(1) In new images, starspots of II Peg were widely distributed in latitudes. Most spots were concentrated at a high-latitude belt and an equatorial belt.
(2) The evolution time-scale of starspots became much shorter than before, and no stable preferred active longitude was found in 2004. This may be responsible for the vanishing of spot migration found in previous works.
(3) We found a possible behaviour that the intermediate-latitude spot migrated to high latitude and merged with the one there to become much stronger. This fact may indicate a more complex migration and evolution of starspots on II Peg, similar to the wellstudied RS CVn binary HR 1099.
(4) A significant phase offset was detected, which might indicate a possible orbital period change of II Peg.
Our results suggest that more consecutive observations with shorter intervals are required for further study on complicated starspot behaviour of II Peg, which is insufficient for II Peg so far.
